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Abstract
In the wake of new scalar searches at LHC in various channels, it is interesting to investigate
the sacrosanctity of the constraints on the masses and couplings of the heavier scalars in a two-
Higgs-doublet model (2HDM). We consider the effects of new physics beyond a 2HDM encoded
in terms of bosonic dim-6 operators. Although these constraints are mostly immune to such new
physics, we demonstrate for a specific class of bosonic operators, the constraints on the masses
of the exotic scalars from cascade decays can get substantially relaxed. We present such effects
for both degenerate and hierarchical mass spectra of the heavier scalars in 2HDM. Some decay
channels of the new scalars vanish at the alignment limit in the tree-level 2HDM. But the inclusion
of dim-6 terms can lead to significant cross-sections for such processes. It is also pointed out that
observation of such processes can no longer rule out the alignment limit if such dim-6 operators are
present.
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I. INTRODUCTION
Even after the discovery of a Higgs boson [1, 2] whose characteristics resemble that of
the standard model (SM) Higgs, the dynamics of electroweak symmetry breaking and the
structure of the scalar sector remains an open question. The non-cancellation of quadratic
divergence of Higgs mass under the framework of SM has motivated plethora of beyond-
standard model (BSM) theories for decades. The two-Higgs-doublet model (2HDM) is an
archetype of an extended scalar sector, theoretically well-motivated from the viewpoint of
supersymmetry, composite Higgs models, etc. For example, in supersymmetric models [3]
the motivation behind a second Higgs doublet is twofold: firstly to cancel chiral anomalies
created by the superpartners of such scalars, and secondly from the requirement of the
superpotential to be holomorphic. 2HDMs arising in the framework of composite Higgs [4, 5],
Little Higgs [6], Twin Higgs [7] have also been studied in the literature. Even keeping the
hierarchy problem aside, it is often deployed to explain issues of electroweak baryogenesis [8,
9], flavour anomalies [10, 11], neutrino mass [12, 13], dark matter [14], etc.
In light of measurements of the signal strengths of the observed Higgs, any model with
a scalar sector beyond the SM must contain a CP-even neutral scalar whose couplings are
aligned to that of the SM Higgs boson. Such an alignment can be realised when the new
scalars which mix with the SM-like Higgs, are decoupled from the mass spectrum of SM
a` la Applequist-Carrazone [15, 16]. The ‘alignment without decoupling’ scenario becomes
viable only for models with additional scalar doublets [16–22]. In such cases, the scalars can
have masses below a TeV, i.e., well within the reach of LHC. Thus, along with the signal
strengths of the SM-like Higgs, the direct bounds on the masses of exotic scalars also play a
pivotal role in constraining the parameter space of 2HDM. Such bounds also depend on the
specifications of the Yukawa sector of the models. Non-observation of such new scalars rule
out a significant region of parameter space in the ‘alignment without decoupling’ scenarios.
Also, some decay channels involving exotic scalars remain absent at the alignment limit in a
CP-conserving 2HDM [23]. If the LHC discovers any new scalar state in one of these channels,
the interpretation involving a CP-conserving 2HDM would readily imply a deviation from
the alignment limit.
If new physics beyond 2HDM exists as a decoupled sector from the mass scale of 2HDM,
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the effects of such new physics can be encoded in the higher-dimensional operators in an
effective theory where the fields of 2HDM constitute the low-energy spectrum [24–26]. Such
an effective theory is dubbed as two-Higgs-doublet model effective field theory (2HDMEFT)
in the literature. Several aspects of such effective theories for various extended scalar sectors
have been addressed in the literature [27–31]. A complete basis of the 6-dim operators in
2HDMEFT has been introduced only recently [26]. It has also been shown that such 6-dim
operators are capable of masking the true alignment limit in a 2HDM, by modifying various
decay channels of the SM-like Higgs boson [32]. In the present paper, we have investigated
the role of such 6-dim terms while extracting the LHC constraints on the masses of the new
scalars in a 2HDM. We consider different mass spectra of these new scalars allowed from
the theoretical constraints and measurements of the oblique parameters. The constraints
ensuing from different searches for the heavy scalars at the LHC and possible deviations in
the presence of 6-dim terms have been illustrated.
In Sec. II we briefly review the theoretical framework of a general 2HDM. In Sec. III
we discuss the theoretical as well as phenomenological constraints on the parameter space
of a 2HDM relevant to this work. In Sec. IV we introduce the 6-dim terms that have been
considered in this work, along with the modified couplings of the scalars. In Sec. V we present
the benchmark scenarios to illustrate the effect of such 6-dim terms on the parameter space
of the 2HDM and eventually conclude in Sec. VI.
II. 2HDM: A REVIEW
The two scalar doublets are defined as:
ϕI =
 φ+I
1√
2
(vI + ρI) + i ηI
 , (2.1)
with I = 1, 2. Here φ±I , ρI , ηI , and vI denote the charged, neutral CP-even and neutral CP-
odd degrees of freedom (d.o.f.) and the vacuum expectation value (vev) of the I-th doublet
respectively.
Before spontaneous symmetry breaking (SSB), the tree-level 2HDM Lagrangian, aug-
mented with 6-dim operators, assumes the form
L = Lkin + LY uk − V (ϕ1, ϕ2) + L6, (2.2)
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where,
Lkin = −1
4
∑
X=Ga,W i,B
XµνX
µν +
∑
I=1,2
|DµϕI |2 +
∑
ψ=Q,L,u,d,l
ψ¯i /Dψ,
LY uk =
∑
I=1,2
Y eI l¯ eϕI +
∑
I=1,2
Y dI q¯ dϕI +
∑
I=1,2
Y uI q¯ uϕ˜I ,
V (ϕ1, ϕ2) = m
2
11|ϕ1|2 +m222|ϕ2|2 − (µ2ϕ†1ϕ2 + h.c.) + λ1|ϕ1|4 + λ2|ϕ2|4 + λ3|ϕ1|2|ϕ2|2
+λ4|ϕ†1ϕ2|2 +
[(λ5
2
ϕ†1ϕ2 + λ6|ϕ1|2 + λ7|ϕ2|2
)
ϕ†1ϕ2 + h.c.
]
,
L6 =
∑
i
ciOi/f
2. (2.3)
Here, ci is the Wilson coefficient of the 6-dim operator Oi and f is the scale of new physics
beyond the tree-level 2HDM. The terms proportional to λ6,7 are called ‘hard-Z2 violating’
because they lead to a quadratically divergent amplitude for ϕ1 ↔ ϕ2 transition [33] and
they also lead to CP-violation in the scalar sector when they attain complex values [34]. But
it is possible to realise the CP-conserving limit with non-zero values of λ6,7 as well [23]. In
this paper we contain our discussion to the CP-conserving 2HDM, and we take λ6,7 = 0.
The electroweak symmetry is broken by the vacuum expectation values (vev), namely v1
and v2 corresponding to the the two doublets ϕ1,2 respectively. This leads to the mixing of
similar types of degrees of freedom pertaining to ϕ1,2. In the CP-conserving case, the mass
matrices of the neutral CP-even and odd scalars and the charged scalars are diagonalised by
the following field rotations: H
h
 = R(α)
 ρ1
ρ2
 ,
W±L
H±
 = R(β)
 φ±1
φ±2
 ,
 ZL
A
 = R(β)
 η1
η2
 .(2.4)
Here,
R(θ) =
 cos θ sin θ
− sin θ cos θ
 . (2.5)
h,H are the neutral CP-even physical d.o.f., whereas A and H± are the neutral CP-odd and
charged d.o.f respectively. As it can be seen from eq. (2.4), β is the mixing angle of the
charged and CP-odd sectors and it is given by β = tan−1(v2/v1). α is the mixing angle of
the CP-even neutral scalars and can be expressed as
α = sin−1
[
M2ρ12√
(M2ρ12)2 + (M2ρ11 −m2h)2
]
, (2.6)
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with M2ρ being the mass-squared matrix in the neutral CP-even sector. In this paper, we
assume h to be the SM-like Higgs with a mass of mh ∼ 125.09 GeV and mH > mh. The
case of an additional CP-even scalar in 2HDM with mass lower than the SM-like Higgs has
been explored in the literature as well [20]. It was shown that the tree-level Higgs-mediated
flavour-changing neutral currents (FCNC) appear in models where more than one scalar
doublet give mass to the same kind of SM fermions [35, 36]. Such a situation can be avoided
under the framework of various discrete symmetries, for example, a Z2 symmetry [35, 36].
There are four possible ways in which such a Z2 charge assignment of the SM fermions can
be done, namely the type-I (Y u1 = Y
d
1 = Y
e
1 = 0), type-II (Y
u
1 = Y
d
2 = Y
e
2 = 0), type-
III (Y u1 = Y
d
2 = Y
e
1 = 0) and type-IV (Y
u
1 = Y
d
1 = Y
e
2 = 0) cases. Type-II scenario is also
dubbed as the MSSM-like case due to similarity in the Yukawa sectors. Type-III and -IV are
sometimes also referred to as flipped and lepton-specific scenarios respectively. Due to the
rotation in the scalar sector following eq. (2.4), the couplings of the SM gauge bosons and
fermions to the SM-like Higgs boson are rescaled compared to the corresponding SM values.
After SSB the Yukawa sector of the 2HDM can be written as,
−LY uk = 1√
2
(κDsβ−α + ρDcβ−α)D¯Dh+
1√
2
(κDcβ−α − ρDsβ−α)D¯DH
+
1√
2
(κUsβ−α + ρUcβ−α)U¯Uh+
1√
2
(κUcβ−α − ρUsβ−α)U¯UH
+
1√
2
(κLsβ−α − ρLcβ−α)L¯Lh+ 1√
2
(κLcβ−α − ρLsβ−α)L¯LH
− i√
2
U¯γ5ρUUA+
i√
2
D¯γ5ρDDA+
i√
2
L¯γ5ρLLA
+
(
U¯(VCKM ρDPR − ρUVCKMPL)DH+ + ν¯ρLPRLH+ + h.c.
)
, (2.7)
with, κf =
√
2Mf/v for f = U,D,L and,
Type-I Type-II Type-III Type-IV
ρD κD cot β −κD tan β −κD tan β κD cot β
ρU κU cot β κU cot β κU cot β κU cot β
ρL κL cot β −κL tan β κL cot β −κL tan β.
U,D,L and ν represent the up-type, down-type quarks, charged leptons and neutrinos in
their mass bases respectively. The generation indices of the fermionic fields have been sup-
pressed in eq. (2.7). As mentioned earlier, the measurement of the signal strengths of the
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SM-like Higgs at LHC demands that the properties of one of the neutral CP-even neutral
scalars, here h, should closely resemble that of the SM Higgs. As eq. (2.7) indicates, this is
satisfied at the vicinity of the so-called ‘alignment limit’, i.e., cos(β−α)→ 0. Thus, the cur-
rent measurement of Higgs signal strengths have pushed the 2HDMs close to the alignment
limit [19, 20, 37, 38]. The measurement of the Higgs signal strengths dictate that for type-II
2HDM, at tan β ∼ 1, the constraint on cos(β − α) is given by −0.05 . cos(β − α) . 0.15 at
95% CL. The allowed region becomes even smaller for higher values of tan β. The situation
for type-III and -IV are quite similar to that of type-II 2HDM. This constraint is comparably
relaxed in type-I 2HDM, where the allowed range is | cos(β − α)| . 0.4. As we are working
under the assumption of a CP-even vacuum of the 2HDM potential, vertices like AWW and
AZZ are not present at the tree-level. Among the tree-level scalar-gauge couplings which
are important for the cascade decays of the new scalars, AZh and H±hW∓ are proportional
to cos(β − α), whereas AZH and H±HW∓ are proportional to sin(β − α). It is possible
to realise an exact alignment in the multi-Higgs-doublet models in the framework of certain
additional symmetries of the 2HDM potential [39–43].
It is evident from eqs. (2.7) when tan β & 1, the hbb coupling multiplier deviates signifi-
cantly from unity in type-II 2HDM. For such values of tan β the branching ratio Br(h→ bb¯)
as well as the production of h in both gg and bb¯-fusion substantially increase. It is mainly due
to the measurement of the processes like gg → γγ, bb¯, V V ∗ and V h→ bb¯, that the parameter
space of a type-II 2HDM in the cos(β − α)− tan β plane is quite strongly constrained. The
impact of the measurement of the Higgs signal strengths in each individual search channels
on the cos(β − α)− tan β plane has been discussed in ref. [44]. It should be mentioned that
the coupling multipliers of the SM-like Higgs also becomes close to unity when sin(β+α) = 1
i.e., at the so-called ‘wrong-sign Yukawa’ limit [45] for type-II, -III, and -IV 2HDM. Though,
with better measurement of the processes like V h→ bb¯, h→ γγ,Υγ [46, 47] the fate of the
wrong-sign Yukawa region will be decided in near future.
It is also clear from eq. (2.7) that, though the coupling multipliers of the SM-like Higgs
become unity at the alignment limit, the couplings of the exotic Higgses with SM fermions can
be non-zero. The HV V coupling becomes identically zero at the alignment limit, protecting
the alignment limit against measurements like gg → H → WW,ZZ. Though the couplings
of H and A with SM fermions do not vanish at cos(β − α) = 0. Thus it is possible to
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constrain the parameter space of the type-II 2HDM even at the alignment limit from the
non-observation of the heavier scalars [23] in processes like gg/bb¯ → H/A → τ τ¯ , γγ, gg →
H → hh, etc. Both ATLAS and CMS are involved in numerous dedicated searches of these
kinds, for instance ref. [48–52], resulting in significant constraints on the 2HDM parameter
space.
Different kinds of mass spectra of the new scalars in a 2HDM can lead to quite a rich
phenomenology at the LHC. In addition to the regular search channels consisting of a pair of
SM particles as mentioned earlier, exotic states decaying into one another can also provide
strong constraints on 2HDM parameter space. At this point, we define mA = mH = mH±
as the ‘degenerate’ case and the case when any of the three exotic scalars is more massive
than the rest two, as the ‘hierarchical’ case. The constraints from the decay of the new
scalars into SM particles are significantly relaxed in the hierarchical scenario compared to
the degenerate case [38]. But for the hierarchical spectrum of new scalars, the channels like
H(A)→ ZA(H) dominate the total decay width of such states, leading to new bounds on the
parameter space which are not applicable for the degenerate case. A hierarchical spectrum
such as mA > mH ∼ mH± ∼ v can lead to a first-order electroweak phase transition providing
an explanation for the matter-antimatter asymmetry, with A→ ZH being its smoking gun
signature at LHC [53, 54]. In general, the importance of Higgs cascade decays as the possible
probes of an extended scalar sector have been discussed in the literature [55–60] and A→ ZH
decay is dubbed as a ‘golden channel’ in this context [61].
III. CONSTRAINTS ON 2HDM PARAMETER SPACE
We work with the 2HDM parameters in the physical basis which consists of {mh, mH ,
mA, mH± , tan β, cos(β − α),m212, λ6, λ7, v}. Along with mh = 125.09 GeV, v = 246 GeV
and λ6,7 = 0, we are left with six free parameters. The conversion between the generic and
physical basis can be found in, for instance, ref. [16, 59]. The theoretical constraints are
discussed below.
• Vacuum stability The stability of the EW vacuum in a 2HDM at the tree-level is ensured
if [16],
λ1 > 0, λ2 > 0, λ3 > −
√
λ1λ2, λ3 + λ4 − |λ5| > −
√
λ1λ2. (3.1)
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It can be shown that at the alignment limit, the first two conditions are satisfied if m212 =
m2Hsβcβ. Along with that, the last two criteria are satisfied if m
2
h + m
2
H± − m2H > 0 and
m2h + m
2
A −m2H > 0 respectively. This means for degenerate masses of the new scalars the
last two criteria are automatically satisfied if the first two are satisfied. For hierarchical mass
spectrum, the mass of the exotic scalars cannot be arbitrarily different.
• Perturbativity The perturbativity of the quartic couplings is satisfied if |λi| . 4pi. At the
alignment limit, this implies for tβ & 1, |m212 −m2Hsβcβ| . v2.
• Unitarity Tree-level unitarity of the S-matrix requires the eigenvalues of the 2 → 2
scattering matrix to be less than 8pi. At the alignment limit for m212 ∼ m2Hsβcβ, this implies
that the differences between the masses of the new scalars have to be . v.
• Oblique parameters The new scalars in 2HDM contributes to the oblique parameters
through their couplings to the massive gauge bosons [62–67]. At the alignment limit such
contributions to the T -parameter assume the form,
∆T =
g2
64pi2m2W
(
F (m2H± ,m
2
A) + F (m
2
H± ,m
2
H)− F (m2A,m2H)
)
, (3.2)
with,
F (a, b)=
a+ b
2
− ab
a− b ln
(a
b
)
(a 6= b)
= 0 (a = b).
As eq. (3.2) suggests, this anomalous contribution to the T -parameter vanishes at the limit
mH± = mA or mH± = mH . However, substantially away from the alignment limit this does
not hold for the entire range of mA. As mentioned earlier, the measurements of the Higgs
signal strengths imply that the maximum values of cos(β − α) can be attained in type-I
2HDM, | cos(β−α)| . 0.4. For the rest three types of Yukawa structure, | cos(β−α)| . 0.1.
We have checked that the limits mH = mH± and mA = mH± ensure that the contribution
to the T -parameter remains in the experimentally allowed range at 95% CL even when we
consider small deviations from alignment limit, cos(β − α) . 0.1. For cos(β − α) ∼ 0.4,
even for mH = mH± = 300 GeV, mA & 480 GeV is ruled out from the measurement of
T -parameter.
LEP searches put a constraint on the mass of the charged scalar as mH± & 72 GeV
(80 GeV) for type-I (II) 2HDM [68]. Also the searches for Z → AH → τ τ¯ τ τ¯ lead to the
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constraint mH + mA & 208 GeV [69]. The charged scalar mediates flavour-violating pro-
cesses such as Bd → Xsγ, Bs → µ+µ−, B+d → τ+ν, etc., which in turn lead to constraints on
m±H [70–72]. The measurement of the width of Bd → Xsγ leads to the most stringent con-
straint on the charged scalar mass for type-II 2HDM, mH+ & 580 GeV, almost independent
of the value of tan β [72]. For type-I 2HDM, the constraint from meson decays is compara-
tively less stringent and depends rather strongly on tan β. For tan β ∼ 1.5 the constraint is,
mH+ & 200 GeV [72]. Based on the similarity in couplings of the scalars to the quarks, the
constraints on charged scalar mass for type-I and -II 2HDM can also be used for type-IV and
-III cases respectively. Though we do not consider this as a hard bound for our purpose as it
can be ameliorated in several extensions of 2HDM [73]. Moreover, the mass differences of the
three exotic scalars are constrained from the measurement of the oblique parameters [62].
For cos(β − α) = 0, the contributions of the new scalars to the S and T parameters do not
depend upon m212 or tan β. For a fixed value of mH , the constraints from precision tests are
satisfied only if mH ∼ mA or mH ∼ mH± . As mentioned earlier, the measurements of the
signal strengths of the SM-like Higgs boson constrain the value of cos(β − α) to be close to
zero, especially for type-II, -III and -IV 2HDM. Thus, while working with the hierarchical
spectrum of the new scalars, we take cos(β − α) to be close to zero. But for the degenerate
spectrum of exotic scalars, we consider possible large deviation from the alignment limit
while we present the excluded region on the cos(β−α)− tan β plane. In this paper, we have
considered the constraints due to the non-observation of the processes: gg → H → ZZ [48],
gg → H → hh [49], gg → H(A)→ A(H/h)Z [50] and gg/bb¯→ H/A→ τ τ¯ [51, 52].
IV. COUPLINGS OF THE HEAVIER SCALARS IN 2HDMEFT
We contain our discussion only to the bosonic operators of 2HDMEFT for simplicity. Phe-
nomenology of the fermionic dim-6 terms will be reported elsewhere. As discussed in ref. [32],
the measurement of EW oblique parameters, triple gauge boson vertices, and Higgs signal
strengths, constrain the bosonic operators other than type ϕ4D2 at O(10−3). Moreover,
some of the ϕ4D2-type of operators violate the T -parameter at the tree-level and the corre-
sponding Wilson coefficients are rather small. Thus we have considered only the operator of
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type ϕ4D2 which do not contribute to the T -parameter in the tree-level [26]:
OH1 = (∂µ|ϕ1|2)2, OH2 = (∂µ|ϕ2|2)2, OH12 = (∂µ(ϕ†1ϕ2 + h.c.))2, (4.1)
OH1H2 = ∂µ|ϕ1|2∂µ|ϕ2|2, OH1H12 = ∂µ|ϕ1|2∂µ(ϕ†1ϕ2 + h.c.), OH2H12 = ∂µ|ϕ2|2∂µ(ϕ†1ϕ2 + h.c.).
In presence of such operators, the non-diagonal kinetic terms arise after SSB [26]. In order
to get rid of such terms, one needs to rescale the neutral CP-even d.o.f. i.e., ρ1 and ρ2. This
implies that the physical neutral CP-even scalars in presence of these operators are rescaled
compared to the tree-level 2HDM.
h→ (1− x1)h+ yH,
H → (1− x2)H + yh. (4.2)
x1, x2 and y can be written in terms of the Wilson coefficients of the operators appearing
in eq. (4.1) and the scale of new physics beyond 2HDM. The analytical forms of x1, x2 and
y can be found in Appendix A. In our convention, the Wilson coefficient of an operator Oi
is given as ci, which include the symmetry factors. Eq. (4.2) dictates that any coupling
involving at least one h or H field are modified compared to 2HDM at the tree-level. For
example,
κ′hff = (1− x1)κhff + yκHff , (4.3)
κ′Hff = (1− x2)κHff + yκhff , (4.4)
κ′hV V = (1− x1) sin(β − α) + y cos(β − α), (4.5)
κ′HV V = (1− x2) cos(β − α) + y sin(β − α), (4.6)
κ′AZh = (1− x1)κAZh + yκAZH , (4.7)
κ′AZH = (1− x2)κAZH + yκAZh. (4.8)
Eqs. (4.4) and (4.6) affect decay processes like H → τ τ¯ and H → ZZ which are particularly
important in the degenerate case. Similarly, the decay widths H(A) → ZA(H), which
become relevant in the hierarchical scenarios are changed according to eq. (4.8). What is
more interesting that processes, which apparently look unaffected by the rescaling of fields,
such as gg → A→ τ τ¯ , are also changed. It is due to the fact that away from the alignment
limit, for a large range of values of mA and tan β, Br(A → Zh) is quite significant. The
change in Br(A→ Zh) according to eq (4.7) in turn modifies Br(A→ τ τ¯). Even the change
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in h → ff¯ can be important for bounds on the heavier scalars. For example, the search
for A→ Zh assumes that the Higgs in the final state further decays into a pair of b-tagged
jets [50]. Moreover, the coupling multipliers of the SM-like Higgs also modify upon the
inclusion of dim-6 operators compared to the tree-level 2HDM according to eqs. (4.3) and
(4.5). Thus, the allowed parameter space changes in the cos(β − α)− tan β plane [32].
Many of the sum rules involving various gauge couplings, which hold in 2HDM at the tree-
level, are no longer valid in the presence of 6-dim operators [4]. These sum rules can play an
important role in deciphering new physics beyond 2HDM. For instance, in 2HDM at the tree-
level, the sum rule κ2hV V +κ
2
HV V = 1 holds true, but in presence of the dim-6 terms mentioned
in eq. (4.1), κ2hV V +κ
2
HV V = 1−2(x1s2β−α+x2c2β−α+2ycβ−αsβ−α). If another CP-even neutral
scalar, H is discovered after h(125), the measurement of its decay width and Br(H → WW )
will facilitate the verification of such a sum rule. A deviation from κ2hV V +κ
2
HV V = 1 will point
to a departure from the CP-conserving 2HDM. If κ2hV V + κ
2
HV V < 1, then it may indicate
towards CP-violating 2HDM or CP-conserving NHDM (N > 2). But such an interpretation
does not hold if there are more than one neutral BSM scalars with degenerate masses, or
masses same as the SM-like Higgs. Anyway, even the dim-6 operators in 2HDMEFT can
lead to κ2hV V + κ
2
HV V < 1. On contrary, neither CP-violating 2HDM nor NHDM can lead
to κ2hV V + κ
2
HV V > 1. Though, such a scenario can be interpreted in terms of the dim-6
terms of 2HDMEFT. At the CP-conserving limit with λ6,7 6= 0 the similar argument for
tree-level 2HDM is valid in this context, whereas in general λ6,7 6= 0 will follow the argument
for CP-violating 2HDM.
V. BENCHMARK SCENARIOS
Following the discussions in Section III in the context of oblique parameters, for the
hierarchical mass spectrum, we consider either mA = mH± or mH = mH± . The limit
mA = mH is highly constrained from the measurement of S, T parameters and the decays of
H and A into each other are kinematically forbidden.
So the mass spectra under scrutiny for the hierarchical case are [59]:
C1 : mA = mH± > mH C2 : mA > mH = mH±
C3 : mA = mH± < mH C4 : mA < mH = mH± . (5.1)
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For the hierarchical case, we have studied the bounds on the mA = mH plane for tan β = 1.5
and cos(β − α) = 0 with and without considering the dim-6 terms.
On the other hand, for the degenerate mass spectrum (mH = mA = mH±) new scalars
can no longer decay into each other, thus making the SM decay channels of these scalars
H → ZZ, τ τ¯ , bb¯, A→ Zh, τ τ¯ more important. We have studied the change in the constraints
due to inclusion of dim-6 operators on the cos(β−α)−mA plane. We define the benchmark
for the degenerate case as,
C5 : mH = mA = mH± , tan β = 1.5. (5.2)
As mentioned earlier, λ6,7 = 0 for both degenerate and hierarchical cases. Also the quadratic
mass parameter is taken to be m212 = m
2
Hsβcβ following the discussions on the theoretical
constraints in Section III. For both the hierarchical and degenerate cases, the bounds on
2HDM at the tree-level are compared with a specific case of 2HDMEFT with the following
values of the Wilson coefficients and the new physics scale [32],
BP1 : cH1 = −1, cH2 = 1.5, cH12 = cH1H2 = cH1H12 = cH2H12 = 0, f = 1 TeV. (5.3)
The theoretical constraints such as perturbativity and stability do not change upon the
inclusion of bosonic operators considered in this paper, as these operators do not modify the
2HDM scalar potential. However, they can lead to additional contributions in the S-matrix
for 2 → 2 scattering of bosonic states. Implementing these changes in 2HDMC-1.7.0 [75]
we have checked that for the 2HDMEFT benchmark scenario BP1, there are no significant
modifications of the allowed parameter space for
√
sˆ ∼ few TeVs while f = 1 TeV. Similar
conclusions were obtained for a composite 2HDM based on SO(6)/SO(4)× SO(2) [74].
The branching ratios of various scalars in 2HDM at the tree-level, as well as in the presence
of the 6-dim operators, have been calculated with 2HDMC-1.7.0 [75] after incorporating the
modified couplings. The production cross-section of the neutral scalars have been computed
up to NNLO in QCD using SusHi-1.6.1 [76]. As mentioned earlier, the constraints on
cos(β − α) − tan β plane from the measurement of signal strengths of h(125) change in
presence of the dim-6 operators. For instance, in type-II 2HDM for tan β = 1.5, the allowed
range of cos(β − α) in 2HDM is [−0.05, 0.12] which changes in BP1 of 2HDMEFT to,
[−0.02, 0.11] [32]. The allowed range of cos(β − α) changes for the other types of Yukawa
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couplings as well, but the exact tree-level alignment limit cos(β − α) = 0 is allowed in all
these cases for tan β = 1.5.
The constraints on the mA − mH plane from various exotic Higgs search channels are
elucidated in figs. 1, 2, 3 and 4 corresponding to the mass spectra C1, C2, C3 and C4
respectively. In fig. 1, the appreciable change from the tree-level 2HDM scenario takes
place only for type-I and type-IV Yukawa couplings. Moreover, it can be seen that the
characteristics of the type-I and -IV 2HDM are similar in this context, as is the case for
type-II and type-III. This pattern can be attributed to the similarity in the couplings of the
new scalars with the SM quarks, following eq. (2.7), which dictate their production cross-
sections at LHC. The most significant search channel in the context of the mass spectra C1
is A→ ZH(bb¯). For all four Yukawa types, the change in Br(H → bb¯) can be substantially
different in 2HDMEFT compared to tree-level 2HDM, though Br(A→ ZH) does not change
significantly. This happens because a key decay channel of H, i.e., H → WW , becomes
viable in BP1 of 2HDMEFT, which is absent in tree-level 2HDM at cos(β − α) = 0. For
example, with mA = 400 GeV and mH = 300 GeV, Br(H → bb¯) becomes ∼ 0.45 in BP1 of
2HDMEFT compared to its value∼ 0.73 in tree-level 2HDM. Such a reduction in Br(H → bb¯)
is compensated by the newly viable channel H → WW . This leads to a reduced value of
A → ZH(bb¯), and eventually, to a more relaxed constraint on mH . Compared to type-I
and -IV 2HDM, Br(H → bb¯) is larger for type-II and -III Yukawas even in the tree-level
scenario. Thus the percentage change in Br(H → bb¯) is much lower for type-II and -III
compared to type-I and -IV. So the change in the excluded region from the non-observation
of A → ZH is larger in type-I and -IV compared to type-II and -III. A → τ τ¯ rules out a
region of parameter space where the on-shell decay A → ZH is not allowed. As eq. (2.7)
suggests, Br(A → τ τ¯) attains the smallest value for type-III case among all the Yukawa
types. In both type-I and -III the Aττ¯ coupling is proportional to cot β as opposed to tan β
in type-II and -IV. Br(A→ τ τ¯) is even smaller in type-III 2HDM compared to type-I 2HDM
because Br(A→ bb¯) becomes larger in the latter case. On inclusion of the dim-6 operators,
the region excluded from gg → A → τ τ¯ is not significantly altered for type-I, -II and -IV
cases.
In the context of Yukawa types, a similar pattern in the excluded region can be seen for
mass spectra C2 as depicted in fig. 2. It can also be seen that the excluded region from
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A→ ZH is small in the case C2 compared to C1. For mass spectrum C2, the decay channel
A→ W±H∓ becomes kinematically viable and has branching ratio almost similar to that of
A→ ZH. However, the branching ratios of H are the same in the cases C1 and C2. This,
along with Br(A→ ZH)|C1 & 2×Br(A→ ZH)|C2 dictate that the excluded region for C1
is larger than that in C2. As the branching ratios of H in cases C1 and C2 are the same in
both 2HDM and 2HDMEFT, the pattern of deviation in terms of different Yukawa couplings
are similar for C1 and C2. The changes in the branching ratios of have been illustrated in
figs. 8 and 9 in Appendix B.
H → ZA(bb¯) can rule out a significant area of parameter space on the mA−mH plane for
cases C3 and C4. The excluded region in the case C4 does not show a substantial change
upon the inclusion of dim-6 terms as in C1 or C2. This happens because Br(A → bb¯)
remains almost the same in 2HDM and 2HDMEFT. It changes only by . 10% due to a
small non-zero value of Br(A → Zh) in BP1 of 2HDMEFT. As opposed to 2HDMEFT,
for cos(β − α) = 0, A → Zh is absent in 2HDM at the tree-level. So the constraints
on mA from H → ZA can be relaxed at most by ∼ 19 GeV for type-I and -IV for C4
around mH ∼ 795 GeV, a region which is already disfavoured from the criteria of stability
and unitarity. It can be seen that a significant area is ruled out from H → WW for
mH . 350 GeV and mH −mA . 90 GeV if the 6-dim operators are included. H → WW is
otherwise absent in the alignment limit irrespective of the mass spectrum of the new scalars.
H → tt¯ becomes dominant if mH & 2mt ∼ 350 GeV. For mH . 350 GeV, Br(H → ZA)
becomes substantial if mH − mA & 90 GeV. Thus the area disfavoured by H → WW is
confined to a small strip close to the mH ∼ mA line as shown in fig. 4. A similar effect can
be seen in fig. 3 for the case C3. The appearance of such an exclusion region originates from
the fact that in presence of the 6-dim terms, the coupling multiplier κHV V does not vanish
at cos(β − α) = 0 as opposed to the tree-level 2HDM. The region ruled out from H → τ τ¯
overlap with that for H → WW in 2HDMEFT in most of the cases. However, for type-I and
-III 2HDM, the constraint from H → τ τ¯ appears to be relaxed compared to the two other
types. It can also be seen that the region excluded from H → ZA is smaller for C3 compared
to C4 even in 2HDM at tree-level. This occurs because the decay channel H → W±H∓
becomes kinematically viable for C3 and Br(H → W±H∓) ∼ Br(H → ZA). This leads to
a smaller cross-section in the channel gg → H → ZA, hence a relaxed constraint on mA for
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C3 compared to the case C4 even in tree-level 2HDM.
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FIG. 1. The effect of ϕ4D2 type of operators for mass spectrum C1. Only the coloured regions are
kinematically viable. The grey regions with the dashed and solid boundaries are ruled out from
gg → A → ZH(bb¯) [50] in 2HDM and BP1 of 2HDMEFT respectively. The brown regions with
the dashed and solid boundaries are ruled out from gg → A → τ τ¯ [51] in 2HDM and BP1 of
2HDMEFT. The meshed blue region is disfavoured from the theoretical constraints, viz. stability,
perturbativity and unitarity.
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FIG. 2. The effect of ϕ4D2 type of operators for mass spectrum C2. Colour coding is the same as
in fig. 1.
Till now we have discussed the changes in the excluded region on the mA−mH plane at a
low value of tan β. At large tan β, i.e., tan β & 10, exotic decays such as H → ZA,A→ ZH
become negligible even in the hierarchical scenarios and gg/bb¯ → H/A → τ τ¯ leads to the
only relevant constraint. This can be read off eq. (2.7). In such cases, for cos(β − α) = 0,
the constraints on mH or mA are altered at the most by ∼ 5 GeV.
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FIG. 3. The effect of ϕ4D2 type of operators for mass spectrum C3. The grey regions with the
dashed and solid boundaries are ruled out from gg → H → ZA(bb¯) [50] in 2HDM and BP1 of
2HDMEFT respectively. The brown regions with the dashed and solid boundaries are ruled out
from gg → H → τ τ¯ [51] in 2HDM and BP1 of 2HDMEFT. The green region is disfavoured from
the non-observation of gg → H → ZZ [48] in BP1 of 2HDMEFT, which is absent in 2HDM at the
tree-level for cos(β − α) = 0. Rest of the colour coding is the same as in fig. 1.
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FIG. 4. The effect of ϕ4D2 type of operators for mass spectrum C4. Colour coding is the same as
in fig. 3.
In fig. 5 (a) we have depicted the constraints on the cos(β−α)−mA plane due to the non-
observation of H and A in the degenerate mass scenario for type-II 2HDM. As mentioned
earlier, the exotic decay channels like H(A) → A(H)Z, etc. are absent in such a case. It
can be seen from the eq. (2.7) that couplings like HV V , AZh, etc., vanish at the exact
alignment limit in 2HDM at the tree-level [23]. Thus the non-observation of H → ZZ or
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FIG. 5. The effect of ϕ4D2 type of operators for C5 in Type-II 2HDM. (a) The blue regions with
the dashed and solid boundaries are ruled out from H → ZZ [48], the pink regions with the dashed
and solid boundaries are ruled out from A → ττ [51] and the purple regions with the dashed and
solid boundaries are rules out from A → Zh [50] in 2HDM and BP1 of 2HDMEFT respectively.
(b) The solid blue (red) line represents σ×Br for gg → H → ZZ [48] (gg → A → Zh [50]) at the
alignment limit in presence of the 6-dim operators mentioned in BP1. The experimental upper
limit to the σ×Br corresponding to the two processes are also shown as dotted lines in the same
colour.
A → Zh cannot rule out cos(β − α) = 0 irrespective of the value of mA. This also implies
that the discovery of a new scalar in the V V or Zh final states would rule out the exact
alignment limit in the framework of a CP-conserving 2HDM. Though it is not the case if
the 6-dim terms are also present, as those can lead to non-vanishing contribution to such
decay channels. It can be seen from fig. 5 (a), in a 2HDM augmented with ϕ4D2 kind of
operators, the bounds from H → ZZ, A → τ τ¯ , Zh modify in comparison to 2HDM at the
tree level. H → ZZ can become non-vanishing, ruling out a range of values of mH even at
cos(β − α) = 0. There is an overall leftward shift in the region ruled out by A→ τ τ¯ which
can be followed from eqs. (2.7) and (4.2). For example, the values mH ∼ 210− 355 GeV and
mA ∼ 300− 340 GeV can be excluded from H → ZZ and A→ Zh respectively at 95% CL
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even in the alignment limit. In fig. 5 (b) we have shown the cross-section of H and A via the
gluon-fusion times the branching ratios in the channels ZZ and Zh at the alignment limit
in presence of the higher dimensional operators. The value of σ×Br for H → ZZ reaches
∼ 0.30 pb in the range mH = 200− 344 GeV. For A→ Zh it can reach up to 1.5 pb in the
range mA ∼ 280 − 330 GeV. For 2HDM at the tree-level, such processes would not at all
exist in the alignment limit.
It is to be noted that, according to eq. (2.7), for a particular value of | cos(β − α)|
and tan β & 1, the hbb¯ coupling multiplier is more pronounced in the negative direction of
cos(β−α), compared to the positive direction. This effect also propagates in the gluon-fusion
cross-section of H. Thus the area on the cos(β−α)−mA plane ruled out by gg → H → ZZ
is larger on the negative cos(β − α) direction. The relevant branching ratios of the heavy
scalars have been shown in fig. 10.
cos(β - α = 0.1
mA = mH + = mH + 100 GeV
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FIG. 6. The effect of ϕ4D2 type of operators on the mH−tanβ plane in type-II 2HDM. The regions
are excluded from gg → H → ZZ (grey) [48], gg → A→ ZH (purple) [50], gg → A→ Zh (red) [50],
gg → A → τ τ¯ (green) [51], bb¯ → A → τ τ¯ (brown) [51], bb¯ → H → τ τ¯ (blue) [51, 52]. In case
of 2HDMEFT (dashed lines) the bounds from A → ZH and H → ZZ are different compared to
2HDM at tree-level (solid lines).
In fig. 6 we have shown the change in the excluded region from various searches of the new
scalars on the mH−tan β plane. Here, cos(β−α) = 0.1 and mA = mH± = mH+100 GeV. So,
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this is essentially a hierarchical mass scenario where the exotic decay channel A→ ZH plays
a significant role at lower values of tan β. For type-II 2HDM both hbb¯ and hτ τ¯ couplings
grow with increasing tan β. Thus in fig. 6 higher values of tan β are mostly ruled out from
the measurements of bb¯→ H → τ τ¯ . On introduction of the 6-dim terms the region excluded
from H → ZZ increases, whereas that from A→ ZH shrinks. For instance, in 2HDMEFT
the values mH ≈ 464 − 686 GeV can be ruled out for tan β . 1.5. Moreover, the excluded
region becomes larger in the direction of tan β for mH ≈ 254− 464 GeV.
So far we have considered the phenomenology of only the neutral scalars. Now we com-
ment on a few effects of the 6-dim terms in 2HDMEFT on the decay modes of the charged
scalars. We calculate the production cross-section of the charged scalar following ref. [77]
as it was recommended in ref. [78]. For mH± > mt, the key production channel of H
± is
through the process pp→ H±t. The H±tb coupling multiplier depends on the value of tan β
and the top and bottom quark masses. Following the tan β-dependence of σ(H±t) we rescale
σ(H±t) at tan β = 30 with the appropriate numerical factor to obtain the cross-sections at
tan β = 1.5 based on fig. 3 and 10 of ref. [77]. The traditional search channels of a charged
Higgs boson consider the decays H+ → τ¯ ντ , tb¯, [79–81] etc. Pertaining to different mass
spectra of 2HDM, the cascade decay channels with other Higgses as intermediate states can
be interesting the bounds on charged Higgs mass can be relaxed significantly [58, 82]. In fig. 7
we have shown the contours of σ(H±t)Br(H± → hW±) in BP1 of 2HDMEFT for the 2HDM
mass spectrum corresponding to cases C1 and C4 as discussed earlier. Br(H± → HW±)
can change for the mass spectrum C1 and can be followed from fig. 7(c). The decay channels
consisting of SM fermions, such as H+ → tb¯, τ¯ ντ , cs¯, etc., become quite important at higher
values of tan β. In fig. 7(d) we have shown the change in σ×Br with the decay channel
H+ → tb¯. Though the value of σ×Br in this channel is around one order smaller compared
to the current LHC bound on such a process.
The coupling multiplier κH±tb ∝ (mt tan βPL + mb cot βPR), and thus it reaches its min-
imum around tan β ∼ 6 − 8. Thus the production cross-section of H± associated with a
top quark becomes quite small for such values of tan β. So we work only in scenarios when
tan β ∼ 1 and tan β ∼ O(10). We have not considered the case of mH± . mt when the
key production mode of the charged scalar is pp→ tt¯ with one of the tops in the final state
decaying through t→ bW+ and another one via t¯→ b¯H−. For these values of mH± , bosonic
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decay channels of H±, such as H± → hW±, HW± are kinematically forbidden, unless one
considers mH < mh, which is not the case for us.
(a) (b)
(c) (d)
FIG. 7. The effect of 6-dim terms in type-II 2HDM on (a) σ(H±t)Br(H± → hW±) for
case C1, (b) σ(H±t)Br(H± → hW±) for case C4, (c) σ(H±t)Br(H± → HW±) for case C1
and (d) σ(H±t)Br(H± → tb¯) for case C1. The solid and dotted lines correspond to the same
values of σ×Br in 2HDM at tree-level and in BP1 of 2HDMEFT respectively. The density plots
depict the values of the corresponding σ×Br in the log-scale at LHC with √s = 14 TeV.
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As mentioned earlier, the coupling H±hW∓ vanishes at the alignment limit in 2HDM.
But in presence of the 6-dim terms with the Wilson coefficients as in BP1 of 2HDMEFT, the
channel H± → hW± can become significant following the eqs. (4.2). For the mass spectrum
in case C3, the cross-section in the channel σ(H±t)Br(H± → hW±) can go up to ∼ 25 fb
for mH± ∼ 250 GeV at LHC with
√
s = 14 TeV. The dependence of cross-section in this
channel on mH± for all four hierarchical mass spectra can be followed from Appendix C.
The couplings of h(125) will be even more precisely measured in the future experiments.
For instance, the coupling multipliers κhγγ and κhWW are to be measured with an accuracy
of ∼ 5 − 7% and ∼ 4 − 6% respectively at HL-LHC with luminosity ∼ 3 ab−1 [83]. It can
push a 2HDM, especially the ones with type-II, -III and -IV Yukawa couplings, further close
to cos(β−α) = 0. However, the contribution of dim-6 terms to the signal strengths of h(125)
do not decrease with the same scale. As it was also discussed in ref. [32], even at the exact
limit cos(β − α) = 0, the effects of the dim-6 terms in masking the true alignment limit can
be rather significant. Thus even at the limit when the couplings of h(125) are exactly at
par with the SM expectations, the heavier scalars are not decoupled from the rest of the
particle spectrum. This remarkable feature can also be interpreted as the violation of the
sum rules involving the couplings of the CP-even Higgses in 2HDM extended with dim-6
operators. In this paper, we have demonstrated several cases, where the cross-sections of
certain decay channels of the heavier scalars are significant in the presence of 6-dim terms
at cos(β − α) = 0. This leads to an interesting possibility of detecting the heavier scalars in
these channels at HL-LHC, even if h(125) exactly resembles the SM Higgs.
VI. SUMMARY AND DISCUSSIONS
In the context of the searches for new scalars at LHC, it is an interesting possibility
that the exotic scalars in a 2HDM exist below the TeV scale, pertaining to the so-called
‘alignment-without-decoupling’ scenario. A study in 2HDMEFT becomes relevant in this
case. Such an approach is appealing because it allows us to study the constraints in the
2HDM parameter space while remaining agnostic about any new physics beyond 2HDM. In
this paper, we have confined our discussion to the bosonic operators of 2HDMEFT. The
changes in the constraints on the masses of the exotic scalars of 2HDM are studied in the
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presence of 6-dim operators of type ϕ4D2, because the other bosonic operators are quite
constrained from electroweak precision tests.
We consider both degenerate and hierarchical mass spectra of the new scalars in this
purpose and show the changes in the constraints for all four Yukawa types. The theoretical
constraints, such as stability, perturbativity, and unitarity, as well as the measurement of
the oblique parameters, restrict the mass differences of such scalars. In light of that one can
narrow down four types of the mass spectrum in the hierarchical case. We notice that in a
couple of such cases, dubbed as C1 and C2 in the text, the constraints on the mA − mH
plane can be significantly relaxed in the presence of certain 6-dim operators of type ϕ4D2.
For example, in case C2 with cos(β − α) = 0, tan β = 1.5 and type-I Yukawa coupling, the
upper limit on mH reduces to ∼ 196 GeV in BP1 of 2HDMEFT from ∼ 300 GeV which is
the case for 2HDM at tree-level. Such changes are always more pronounced for type-I and
-IV 2HDM compared to type-II and -III.
At cos(β − α) = 0, processes such as H → ZZ, A → Zh, etc. vanish for 2HDM at
the tree-level, which is not the case if dim-6 operators are present. A non-zero value for
Br(H → WW ) reduces the value of Br(H → bb¯), which brings down the cross-section for
the process pp → A → ZH(bb¯), thus relaxing the constraint on mH . Such changes are not
significant at higher values of tan β irrespective of the mass spectrum under consideration.
This happens because the SM fermionic decay modes of the heavier scalars dominate for
higher values of tan β and appearance of new bosonic decay channels cannot change the key
decay channels involving SM fermions significantly. For the degenerate case we notice that,
for our chosen benchmark scenario, the region excluded from the non-observation of H and
A becomes larger in 2HDMEFT compared to 2HDM at the tree-level. It is also seen, as it
was discussed above, a certain mass range for mH(= mA) is ruled out even for cos(β−α) = 0
from processes like H → WW , A → Zh, which usually vanish in 2HDM at tree-level. We
have also shown in fig. 7 the change in σ×Br for various decay channels of the charged scalar
in 2HDMEFT compared to 2HDM at the tree-level at LHC with
√
s = 14 TeV.
The key reason for the change in the constraints on 2HDM parameter space upon including
dim-6 operators of type ϕ4D2 lies in the redefinition of the CP-even Higgs fields, h, and H.
This way the coupling multipliers involving the CP-even scalars are rescaled compared to
2HDM at the tree-level and lead to a change in the branching ratios of all the processes
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which involve h and H. It leads to the departure of the ‘true’ alignment limit from its
tree-level 2HDM counterpart, i.e., cos(β − α) = 0. As the projected accuracy of the h(125)
coupling measurement at a future version of LHC, such as HL-LHC is at the level . 5− 6%,
2HDMs might get further pushed to the alignment limit. Thus, in the presence of dim-6
operators, even if the couplings of h(125) turn out to be completely aligned with the SM
Higgs, the heavier scalars in 2HDM with masses . TeV still do not decouple from the SM
sector, i.e., their discovery might still be viable. As mentioned earlier, some cascade-type
decay channels of the heavier scalars vanish at the alignment limit in the tree-level 2HDM.
It implies that the discovery of a new scalar in such a channel would perhaps rule out the
alignment limit in a CP-conserving 2HDM. But if dim-6 operators are present, even if a new
scalar is discovered in such channels, it will no longer rule out the alignment limit.
In case of the discovery of the new Higgs(es), the verification of the sum rules involving
their coupling multipliers can provide useful information about the nature of the extended
Higgs sector. In 2HDMEFT, the redefinition of the CP-even Higgs fields due to ϕ4D2
operators also imply that the sum rules involving these scalars are modified in a certain
way. We have discussed how the measurement of sum rules can help distinguishing between
various options beyond a CP-even 2HDM.
If new scalars are discovered at the LHC in near future, the correlation of their signal
strengths in different channels will be important to determine the exact nature of the under-
lying scalar sector. In this context, 2HDMEFT can be an efficient framework in quantifying
the departure from tree-level 2HDM in various channels, providing an opportunity to narrow
down the possible UV-complete scenarios.
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Appendix A: Field redefinition
The redefinition of the physical CP-even neutral scalars in 2HDMEFT compared to 2HDM
at the tree-level is given by eq. (4.2) along with,
x1 =
v2
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Appendix B: Branching ratios in 2HDM vs. 2HDMEFT
The key branching ratios of H and A have been shown in figs. 8 and 9 with type-I and
-II Yukawas for mass spectra C1 and C2. When mA(H) & 2mt, the channel A(H) → tt¯
becomes viable in all the cases. While showing the branching ratios for A we assume,
mH = mH± = 130 GeV and while showing the same for H we take, mA = mH + 100 GeV.
For both these cases we take, cos(β−α) = 0 and tan β = 1.5. Br(A→ tt¯) attains values up to
∼ 0.4 and ∼ 0.19 for cases C1 and C2 respectively. In C2, Br(A→ H±W∓) & 0.8 for both
type-I and -II 2HDM, whereas this process is absent for the case C1. This leads to a much
lower values of Br(A→ ZH) in C2 compared to C1, which can be seen from figs. 8(a) and
(b). Hence the non-observation of A→ ZH rules out a larger region of parameter space in
the case C1 compared to C2 even in tree-level 2HDM, which can be seen from figs. 1 and 2.
From figs. 8(a) and (c) it can be seen that Br(A→ τ τ¯) is larger for type-II 2HDM compared
to type-I. Thus the non-observation of A→ τ τ¯ rules out a larger region for type-II 2HDM,
as it can be seen from, for example, figs. 1(a) and (b). Fig. 9(a) shows that Br(H → WW )
can attain values up to ∼ 0.5 for type-I 2HDM for case C1 at cos(β − α) = 0 in presence of
6-dim term, whereas it is vanishing in tree-level 2HDM. In contrary, as it can be seen from
fig. 9 (b), the corresponding value for type-II 2HDM can only go up to ∼ 0.3. The branching
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FIG. 8. The branching ratios of A in various channels for the hierarchical cases for cos(β−α) = 0,
tanβ = 1.5. Dashed and solid lines represent the case of 2HDM at tree-level and BP1 of 2HDMEFT
respectively.
ratios of H for case C2 are exactly the same as in the case C1. Such non-zero branching
ratios of H → WW leads to a low value of Br(H → bb¯) and eventually a lower value of
A → ZH(bb¯) compared to 2HDM at the tree-level, which explains the relaxed constraints
on mH as illustrated in fig. 1 and 2 on the mA−mH plane. Such branching ratios in type-III
and -IV 2HDM can also be followed from figs. 8 and 9 along with eq. (2.7), exploiting the
patterns of couplings across Yukawa types. It can be seen that the constraints for type-I
Yukawa resemble that for type-IV, whereas the constraints on type-II 2HDM are similar to
that in type-III case.
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FIG. 9. The branching ratios of H in various channels for the hierarchical case C1 for cos(β−α) = 0,
tanβ = 1.5. Dashed and solid lines represent the case of 2HDM at tree-level and BP1 of 2HDMEFT
respectively.
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FIG. 10. The branching ratios of H and A in various channels which constrain the parameter space
on the cos(β − α) −mA plane in the degenerate case C5 for Type-II 2HDM. In all three figures,
the solid and dashed lines represent the corresponding branching ratios in 2HDM at the tree-level
and BP1 of 2HDMEFT respectively.
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Appendix C: H± → hW± cross-section at cos(β − α) = 0
The cross-sections in the channel pp→ H± → hW± for different hierarchical mass spectra
and type-II Yukawa couplings have been presented in fig. 11. For cos(β − α) = 0, in 2HDM
at the tree-level, such a process in absent. But in present of the 6-dim operators, the cross-
section for this process can go up to ∼ 25 fb depending on the mass spectrum of heavy scalars
in 2HDM. It can be noticed that the cross-section in this channel attains significantly higher
values for the cases C1, C2 and C3 compared to C4. For C4, the channel H± → AW±
becomes kinematically accessible, thus lowering the value of Br(H± → hW±), leading to
lesser cross-section compared to the other cases.
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FIG. 11. σ(H±t)Br(H± → hW±) in the alignment limit, in presence of the 6-dim terms at LHC
with
√
s = 14 TeV in type-II 2HDM.
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